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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-214 

EXPERIMENTAL INVESTIGATION OF SPIN-UP F R I C T I O N  

COEFFICIENTS ON CONCRETE AND NONSKID 

CARRIER-DECK SURFACES 

By Walter B. Horne 

SUMMARY 

A s e r i e s  of landing-impact t e s t s  w a s  conducted i i t h  a c a r r i e r - t  Te 
j e t  a i rp l ane  main landing gear (dropping weight 6,630 pounds) t o  obtain 
da t a  on t i r e  spin-up f r i c t i o n  coef f ic ien ts  a t  touchdown on both concrete 
and nonskid carrier-deck surfaces. T i r e  i n f l a t i o n  pressures of 260, 320, 
and 400 pounds per square inch were used. The concrete-surface tests 
covered a forward veloci ty  range from 76 t o  97 knots and sinking speeds 
of  12 and 16 f e e t  per second f o r  a s t ru t  i n c l i n a t i o n  of 2.5' forward. 
The nonskid carrier-deck tests ranged between 54 and 104 knots i n  f o r -  
ward speed and from 12 t o  19 f e e t  per second i n  sinking speed f o r  s t r u t  
i nc l ina t ions  or? 2.3" furward a d  5.1' rea-vzrd,  Several impact and 

An.-- b-lli,g _I - t e s t s  e= a 1- 3 - inch-dla,neter w r e s t i n g  cable w e r e  a l s o  conducted. 8 

Results indicatea somewhat lower sp in- l~p  f r i r t . i o n  coe f f i c i en t s  f o r  
t h e  nonskid deck surface than f o r  the concrete surface. The incremental 
landing-gear loads developed by impacting on and t ax i ing  over t he  

12 -inch a r r e s t i n g  cable d id  not  exceed about two-thirds of t h e  s t a t i c  

v e r t i c a l  load (6,630 pounds) on the landing gear f o r  t he  conditions 
tes ted.  

8 

INTRODUCTION 

One very important f ac to r  governing t h e  design o f  a i r c r a f t  for 
t h e  landing condition i s  the  magnitude and va r i a t ion  of t he  drag load 
developed during landing-gear-wheel spin-up immediately following i n i -  
t i a l  touchdown. The importance of spin-up drag loads has been d is -  
cussed i n  d e t a i l  i n  reference 1. I t  i s  evident t h a t  t he  t ex tu re  and 
physical  p rope r t i e s  of t he  landing sur face  could play an important 
p a r t  i n  t h i s  process. Pas t  experimental research on t h e  wheel spin-up 
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process, such as presented i n  references 1 t o  4, has been l imited t o  
land runways and especial ly  concrete runway surfaces.  
age of t h e  landings f o r  naval a i r c r a f t  types, however, are made on 
a i r c r a f t - c a r r i e r  deck surfaces,  which f o r  the  later type c a r r i e r s  con- 
sists of a special  nonskid coating t h a t  has been troweled over smooth 
s t e e l  decking. This nonskid coating i s  applied t o  the  c a r r i e r  decks 
primarily t o  increase t r a c t i o n  f o r  personnel and equipment during deck 
handling of  a i r c r a f t  while operating under adverse weather and sea con- 
d i t ions .  I n  addition, c a r r i e r  operational requirements and landing 
techniques are such t h a t  higher t i r e - i n f l a t i o n  pressures and much higher 
sinking speeds are usually encountered i n  c a r r i e r  landings than f o r  
equivalent land runway landings. 

A la rge  percent- 

L 
4 
6 
0 Tests were conducted a t  the Langley landing-loads t rack  t o  extend 

t h e  range of control led tes t  data  on spin-up drag loads t o  include t h e  
regime of c a r r i e r  experience i n  both t i r e - i n f l a t i o n  pressure and sinking 
speed for both concrete and nonskid c s r i e r  deck surfaces.  The purpose 
of t h i s  paper i s  t o  present the  r e s u l t s  of these tes ts  which show the  
e f f e c t  of runway or  deck surface, sinking speed, and t i r e  pressure on 
the spin-up coef f ic ien ts  of f r i c t i o n .  Also presented are some data  on 

the  landing-gear response t o  impacting on and tax i ing  over a 1 

diameter a r res t ing  gear cable s t re tched across the  nonskid c a r r i e r  deck 
surface.  

-inch- 3 

SYMBOLS 
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horizontal  (drag) force,  l b  

v e r t i c a l  force,  lb 

moment of i n e r t i a ,  s lug-f t  

t i r e - i n f l a t i o n  pressure (unloaded), Lb/sq i n .  

2 

unloaded t i r e  radius,  f t  

length of s t r u t  stroke,  f t  

temperature of runway surface,  OF 

time a f t e r  touchdown, sec 

4 
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hor izonta l  ve loc i ty  at touchdown, knots VH 

v e r t i c a l  ve loc i ty  at touchdown, f t / s ec  VV 

W weight, l b  

X horizont a1 accelerat ion,  gravi ty  u n i t s  

Z v e r t i c a l  acceleration, gravity u n i t s  

6 t i r e  def lect ion,  f t  

8 wheel angular displacement, revolutions 

P instantaneous t ire-surface f r i c t i o n  coef f ic ien t ,  

.. 

.. 

'p angle between shock-strut axis and v e r t i c a l ,  deg 

Lu wheei angular veloci ty ,  radians/sec 

Subscripts : 

a axle 

avg 

Q ground 

iu detenniced Rt, t i m e  o f  maximum hor izonta l  ground load 

0 i n i t i a l  value at touchdown 

t t i m e  after touchdown 

1 upper mass 

2 lower mass 

3 wheel and axle m a s s  

merage (over spin-up time h is tory)  
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APPARATUS 

T e s t  Vehicle 

h 

a 

The t e s t s  were ca r r i ed  out by making simulated landings and t ax i ing  
runs at t he  Langley landing loads t rack .  
elements of t h i s  f a c i l i t y  i s  shown schematically i n  figure 1. The l a rge  
main carriage weighs approximately 100,000 pounds ( f i g .  2)  and r i d e s  on 
6-inch-square continuous s t e e l  ra i l s  located on each s ide  of a 2,200-foot- 
long concrete runway. Located within t h i s  main car r iage  and t rave l ing  on 
ve r t i ca l  rails  is  the  drop car r iage  t o  which the  landing gear ( f i g .  3)  i s  
attached. 

The arrangement of the  bas ic  

Simulated landings were made by accelerat ing the  main car r iage  t o  
the  desired forward speed by means of the  hydraulic j e t  ca tapul t  (ref.  5 )  
and then re leas ing  the  drop carr iage which was i n i t i a l l y  set a t  a height 
based on t h e  v e r t i c a l  ve loc i ty  desired f o r  the  t es t .  A constant l ift 
force  approximately equal t o  the  dropping mass (1 g wing lift) w a s  applied 
t o  the  drop carr iage when the desired v e r t i c a l  ve loc i ty  was reached. 
This force was applied throughout t he  impact. The t ax i ing  t e s t s  were 
made w i t h  zero wing l i f t .  

Runway Surface 

Figure 4 shows the  nonskid c a r r i e r  deck i n s t a l l e d  on t h e  t r ack  run- 
way. 
s t e e l  boi ler  p l a t e  sect ions that were welded end t o  end t o  form a con- 
tinuous s t r i p  approximately 200 feet long. Relat ive motion between the  
deck and runway surfaces during an impact w a s  prevented by the  steel  
c l i p s  attached t o  the  edges of the  nonskid deck shown i n  f igure  4.  

This deck was fabr ica ted  from 1/4 inch th ick  by 18 inches wide 

Two coats of a nonskid compound were troweled upon the  top  of t h i s  
decking according t o  ins t ruc t ions  given fo r  t he  appl ica t ion  of t h i s  
compound t o  c a r r i e r  decks. This compound conformed t o  t h e  spec i f ica-  
t i o n s  given i n  reference 6 fo r  a nonslip, l ightweight,  and abrasive- 
f i l l e d  synthetic binder-type f l i g h t  deck compound. 

Local a s p e r i t i e s  i n  the  concrete runway prevented t h e  tes t  nonskid 
deck f romlying  absolutely f lu sh  with t h e  concrete surface.  A s  can be 
seen f romfigure  5 ,  t he  magnitude of these a s p e r i t i e s  was at l e a s t  as 
l a rge  as 0.09 inch. Because of t h i s  condition, some s m a l l  l o c a l  defor- 
mations t o  t he  s t e e l  deck probably occurred during an impact. It should 
be pointed out  t h a t  an ac tua l  c a r r i e r  deck during an impact would prob- 
ably encounter much l a rge r  l o c a l  def lec t ions  due t o  i t s  less s t i f f  con- 
s t ruc t ion .  No attempt w a s  made, i n  t h i s  invest igat ion,  however, t o  
assess  the e f f e c t  of deck def lec t ion  on the  t e s t  r e s u l t s .  
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The runway was m a d e  from Portland cement concrete and i t s  surface 
texture  i s  similar t o  Portland Cement Concrete r u n w a y s  i n  general  use 
today. For comparison purposes, a typical  p r o f i l e  of the  impact area 
coficrete runway surface (obtained from a p l a s t e r  impression) i s  shown 
i n  f igure 5 along with a cross section of the  nonskid c a r r i e r  deck. 
,This f igure  shows t h a t  t h e  nonskid deck w a s  much more regular  than  t h e  
concrete surface.  

A t  the  conclusion of the  simulated landings on the concrete and 
fionskid deck surfaces,  severa l  additional tests were made where the 

-, 
t e s t  landing gear impacted on and taxied across a 12- inch-diameter 

8 
s t e e l  a r r e s t i n g  cable t h a t  was stretched across and r i g i d l y  attached 
(welded) t o  the nonskid c a r r i e r  deck. This i n s t a l l a t i o n  i s  shown i n  
f igure  6. 

Landing Gear 

The t e s t  landing gear ( f i g .  3) was a s t d u d  production g e m  t h a t  
i s  ir, use as the  main landing gear on a c a r r i e r  j e t  a t tack  airplane 
which has a gross weight ranging between 16,000 and 20,000 pounds. The 
weight of the t o t a l  dropping m a s s  including landing gear used i n  t h i s  
inves t iga t ion  w a s  approximately 6,630 pounds. 

rln- llle lziisirg g e z r  was s e t  et. an i n r l i n a t i o n  of 2.5' from the  ver- 
t i c a l  (normal airplane 1axdix-g a t t i t u d e )  f o r  the simulated landings on 
concrete. 
a t t i t u d e )  were used f c r  simulated landings on the c a r r i e r  deck. The 
1ad:rg gezr wzs clrefull,v positioned beneath the drop carr iage such 
t h a t  t h e  yaw angle and r o l l  angles were zero. 
c a l  loca t ion  of the  wheel axle with respect t o  the s t r u t  axis and the  
s t r u c t u r a l  f l e x i b i l i t y  of the landing gear w e r e  such t h a t  t h e  r o l l i n g  
and yawing moments produced by the t i r e  forces on t h e  gear introduced 
s u b s t a n t i a l  wheel t i l t ing and yawing motions during impact. 

kar inc l ina t ions  of 2.3' f o rva rc i  and 5.1' rearward (;-point 

However, the  unsymmetri- 

The spot  brake assembly including the  brake d i s k  w a s  removed from 
the gear  i n  order t o  i n s t a l l  the  lower mass accelerometers. 
added t o  the axle brake flange ( i n  form of a s teel  p l a t e )  and t o  t h e  
wheel ( s t e e l  r i n g )  i n  order t o  approximate the  gear lower and r o t a t i o n a l  
masses with brake assembly ins ta l led .  The lower mass (lower shock s t r u t ,  
wheel, ar,d t i r e )  weighed approximately 126 pounds. A shock-strut infla- 
t i o n  pressure (s t rut  extended) of 55 pounds per square inch w a s  used 
throughout the invest igat ion.  

Weight was 
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Tire 

The t i r e  ( f i g .  3) used i n  t h i s  inves t iga t ion  was a 24 X 5.5, type VII, 
14 ply-rating rib-tread t i re .  
load f o r  t h i s  t i r e  i s  9,700 pounds a t  a t i r e - i n f l a t i o n  pressure of 300 
pounds per square inch. The weight of the r o t a t i n g  mass (wheel, t i r e ,  
instrumentation, and axle)  w a s  78 pounds. 
ro ta t ing  m a s s  w a s  0.784 s lug-f t2 .  
400 pounds per square inch were invest igated.  

According t o  reference 7, the  ra ted  s t a t i c  

The moment of i n e r t i a  of the  
Tire  pressures of 260, 320, and 

Instrumentation 

The base of the  lower shock s t r u t  i n  the v i c i n i t y  of the  axle junc- 
ture with the  strut (see f i g .  3 ( b ) )  was mounted with s t r a i n  gages by the  
airplane manfacturer t o  measure forces  p a r a l l e l  and normal t o  the  s t r u t  
axis. 
t o  procedures outlined i n  reference 8. 
gage locations on the  s t r u t  such t h a t  t h e  gage responses t o  loads other  
than the primary load were a t  a minimum. 

The pos i t ion  of the  s t r a i n  gages on the  strut w a s  se lec ted  according 
These procedures determined s t r a i n -  

The applied ground forces  were determined by correct ing the axle 
strain-gage loads f o r  the e f f e c t s  of i n e r t i a  forces  introduced by the  
wheel and other mmses attached t o  the axle outboard of the  s t r a i n  gages 
( force  a t  ground e p a l  t o  sum of axle strain-gage force and product of 
t o t a l  mass outboard of axle s t r a i n  gages and the  accelerat ion of t h i s  
mass). 
the brake flange p l a t e  and ins ide  the  hollow axle a t  the  t i r e  center  l i n e .  
These accelerometers were oriented s o  t h a t  they measured v e r t i c a l  and 
horizontal  accelerations,  respectively,  f o r  the  2.5' forward landing-gear 
incl inat ion.  

These correct ions were obtained from accelerometers i n s t a l l e d  on 

The drop carr iage i s  equipped with asix-component dynamometer 
( f i g .  3 ( c ) )  t o  measure loads and moments imparted by t h e  landing gear.  
Corrections t o  the dynamometer loads f o r  the  i n e r t i a  forces  introduced by 
the  upper (attachment f i x t u r e  and outer shock s t r u t )  and lower ( inner  
shock strut, wheel, and t i r e )  masses attached t o  the  dynamometer were 
derived from accelerat ion values of the  upper and lower mass acceler- 
ometers, respect ively.  The two upper m a s s  accelerometers mounted between 
the  s t i f f e n e r s  of the landing-gear attachment p l a t e  of the attachment 
f i x t u r e  ( f i g .  3 ( d ) )  were oriented t o  measure v e r t i c a l  and horizontal  
(drag)  accelerations.  The two lower m a s s  accelerometers a re  shown i n  
f igure  3(d)  and were mounted on the brake flange p l a t e .  These acceler-  
ometers were oriented 90' apart  t o  measure v e r t i c a l  and horizontal  
accelerations for the 2.5' forward landing-gear inc l ina t ion .  It should 
be noted t h a t  the lower m a s s  v e r t i c a l  accelerometer j u s t  discussed i s  the 
c a m  iristrument t h a t  was  used t o  obta in  the v e r t i c a l  iner t ia-force cor- 
rccition f o r  the v e r t i c a l  strain-gage load. 

L 
4 
6 
0 

. 



The ground drag load w a s  a l so  determined from values of accelera- 
t i o n  measured by the angular accelermeter ,  mounted under the  landing- 
gear wheel cover on the wheel ( f i g .  3(a) ) ,  according t o  the  method d i s -  
cussed i n  references 4 and 9. 
angular veloci ty  and displacement. 

The wheel w a s  a l so  instrumented t o  measure 

TEST PROCEDURE 

Before each simulated landing run, the  landing surface w a s  cleaned 
and i t s  condition of wetness or dryness noted. The surface temperature 
of the landing area w a s  measured by means of a mercury thermometer (shaded 
from the sun).  
was secured by a rope t o  a fixed portion of the main carr iage s t ruc tu re  i n  
order t o  protect  the t i r e  from the water  spray emanating from the  j e t  ca t -  
apul t  during the  accelerat ing port ion of the run. This bag w a s  r e t r ac t ed  
from the t i r e  ( j u s t  before touchdown) during the  coasting port ion of the  
run ( j e t  catapul t  cu t  o f f )  while the landing gear w a s  being accelerated 
v e r t i c a l l y  by the act ion of gravi ty  i n  order t o  acquire the desired v e r t i -  
c a l  veloci ty  a t  touchdown. Immediately after a run the touchdown m e a  of 
the runway was examined and the condition of wetness noted. 

The landing-gear wheel was enclosed i n  a canvas bag t h a t  

For some runs, t h i s  bag d id  not fully protec t  the t i r e  from the  water 
spray ( t i r e  became wet) and the  i n i t i a l  t i r e  contact region on the  dry  
mxwqy x~i-ild he e i t h e r  wet or  damp. It should a l so  be noted tha t ,  f o r  a 
few rms, the operating conditions of the j e t  catapul t  and tne  ve loc i ty  
ai6 d i r ec t ion  of the wind a t  the time of  a run coxbined t o  Froduce a 
condition i n  which the  water spray from t h e  j e t  o v e r r m  the main carr iage 
end contaminated (wetted) the  runway impact region ahead of touckdown. 

The canvas bag was  not used t o  protect the t i r e  from water spray 
during the  tax i ing  over cable runs. 
were conducted i n  a manner similar t o  the simulated landing runs. 

With t h i s  exception, the t ax i ing  runs 

The r e s u l t s  of s tudies  made of high-speed motion-picture f i l m  taken 
of each run along with the observations on runway and t i r e  wetness m a d e  
before and a f t e r  a run determined t h e  approximate wetness values f o r  the  
t i r e  and runway l i s t e d  i n  tab les  I t o  I11 f o r  each run. 

Simulated Landings on Concrete and on Nonskid Deck Surfaces 

A s e r i e s  of l’j landings w a s  made t o  e s t ab l i sh  the  f r i c t i o n -  
coef f ic ien t  cha rac t e r i s t i c s  developed between the t i r e  and concrete run- 
way.  
the v e r t i c a l  f o r  v e r t i c a l  ve loc i t i e s  a t  touchdown of  approximately 12 
and 16 f e e t  per seconCi and for i n i t i a l  t i r e - i n f l a t i o n  pressures of 

These t e s t s  were made with the  shock s t r u t  incl ined 2.3O forward of 
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260, 320, and 400 pounds per square inch. 
speed a t  touchdown ranged between 76 and 93 knots f o r  these runs. 

The forward o r  horizontal  

A series of 24 lamdings was  made t o  e s t a b l i s h  t h e  f r ic t ion-coef f ic ien t  
charac te r i s t ics  developed between the  t i r e  and t h e  nonskid c a r r i e r  deck. 
Most (15) of these landings were m a d e  with t h e  shock strut  incl ined 2.5' 
forward of the v e r t i c a l  f o r  t i r e - i n f l a t i o n  pressures of 260, 320,  and 
400 pounds per square inch and f o r  v e r t i c a l  v e l o c i t i e s  a t  touchdown 
ranging from approximately 1 2  t o  19 feet  per second. The hor izonta l  
velocity at touchdown ranged between 83 and 104 knots f o r  these landings. 
The remaining 9 landings on the  nonskid deck were made with t h e  shock s t r u t  
inclined 5.1' reasward of the  v e r t i c a l  f o r  a t i r e - i n f l a t i o n  pressure of 
3X, pounds per square inch. 
landings ranged between approximately 12 and 19 feet per second and 54 and 
102 knots, respect ively.  

Ver t ica l  and horizontal  v e l o c i t i e s  f o r  these 

Landing and Taxiing Over 15 -Inch-Diameter 8 
.S tee l  Arresting Cable 

A s e r i e s  of 3 landings was made on t h e  a r r e s t i n g  cable s t re tched  
across the nonskid c a r r i e r  deck ( f i g .  6 )  under conditions of 
forward, 

per square inch. These landings were arranged such t h a t  touchdown on the  
cable occurred before maximum ground hor izonta l  load, during maximum 
horizontal  ground load, and during maximum v e r t i c a l  ground load on the  
landing g e a r .  

Cp = 2 . 5 O  
Vv = 12 f e e t  per second, VH = 98 knots, and po = 400 pounds 

I n  addi t ion t o  these runs, 4 taxiing runs (Wing l i f t  = 0, Vv = 0 )  

were also conducted over the a r r e s t i n g  cable. Test  conditions f o r  these 
runs were = 260, 320 ,  and 400 pounds per square inch. 

RESULTS NTD DISCUSSION 

The t e s t  landing gear was mounted with s t r a i n  gages by the airplane 
manufacturer primarily for use i n  f'uture f l i g h t  tests t o  be conducted 
after the conclusion of the  present invest igat ion.  Since the  accuracy 
of strain-gage-type ground-load measurements during f l i g h t  tests i n  the  
past have been r e l a t i v e l y  poor, the accuracy of the t es t  axle s t r a i n -  
gage i n s t a l l a t i o n  was evaluated by comparing the  strain-gage r e s u l t s  with 
the  r e s u l t s  from the  standard t rack  instrumentation. 
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Figure 7 presents a comparison of loads and f r i c t i o n  c o e f f i c i e n t s  
determined from t h e  carriage dynamometer, axle s t r a i n  gages, and wheel 
angulas accelerometer along with appropriate i n e r t i a  correct ions f o r  a 
sample simulated landing. This figure shows t h a t  good agreement e x i s t s  
between the d i f f e r e n t  ground-loads measurements throughout most of the 
impact t i m e  h i s tory .  
measurement ( axle-strain-gage method) w a s  a l so  confirmed by d a t a  obtained 
from other t e s t  instrumentation as i s  shown i n  f igure  8. 
pares the  change i n  momentum of the  wheel with t h e  ground drag torque 
impulse act ing on the wheel f o r  a t y p i c a l  impact time h is tory .  
data shown i n  t h i s  f igure  were obtained by use of the re la t ionship  

The r e l i a b i l i t y  of the hor izonta l  ground-load 

Figure 8 com- 

The 

Analysis of the  d a t a  shown i n  f igures  7 and 8 along with other  sim- 
ilar data indicated t h a t  the b e s t  representation of the  applied ground 
forces  developed on the  t e s t  landing gear during an impact w a s  ac tua l ly  
obtained from the axle strain-gage measurements r a t h e r  than from the  
standard t r a c k  instrumentation (carriage dynamometer). This conclusion 
w a s  based on the f a c t  t h a t  the  carriage-dynamometer measurements had t o  
undergo two separate iner t ia-force correct ions (upper and lower mass ) 
t o  as r ive  a t  t h e  applied ground forces. The axle s t r a i n  gages, on t h e  
c?thcr hand, had t o  be corrected only f o r  the  accelerat ion of the smaller 
wheel and t i r e  m a s s  located O U Y D O E J ~ ~  of t kese  s t r a i n  gages. 
the axle s t r a i n - g q e  measurements would be affected t h e  least  by any 
e r r o r s  developed i n  deriving these iner t ia-force correct ions.  

Consequently, 

The tes t  r e s u l t s  inciicate that,  fnr  t.be t e s t  landing gear, the 
method of reference 8 produced strain-gage locat ions t h a t  were f r e e  
from large load in te rac t ions  and that,  when corrected f o r  e f f e c t s  of 
i n e r t i a  forces,  accurately represented the applied ground forces devel- 
oped on impact up through wheel spin-up. 

Except f o r  the  d a t a  i n  figures 7 and 8, a l l  ground forces  and 
f r ic t ion-coef f ic ien t  d a t a  i n  t h i s  paper were derived from the  axle s t r a i n -  
gage method since, as .just explained, it i s  believed t h a t  t h i s  method 
general ly  produced the most accurate representat ion of the  ground forces  
act ing on the t i r e .  

It should be noted tha t ,  for  some simulated landing impacts, t h e  
m a x i m u m  coef f ic ien t  of f r i c t i o n  did not occur a t  t h e  time of maximum 
ground drag load. The m a x i m u m  coeff ic ient-of-fr ic t ion values f o r  these  
p a r t i c u l a r  runs generally occurred a t  a time when the  iner t ia-force cor- 
rec t ions  t o  the axle strain-gage loads were e i t h e r  r e l a t i v e l y  large or 
changing rapidly.  Because of these la rge  corrections,  a s l i g h t  
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difference i n  phasing between the  accelerometer and strain-gage responses 
would affect  the  derived f r i c t i o n  coe f f i c i en t  considerably. I n  order t o  
minimize the  e f f e c t s  of these  correct ions,  the co r re l a t ion  of t he  data i n  
t h i s  paper is  based on t h e  f r i c t i o n  coef f ic ien ts  developed at time after 
touchdown of maximum ground drag load r a the r  than the  maximum values.  A t  
t h i s  pa r t i cu la r  time during the  impact (see f i g .  7) t he  ine r t i a - fo rce  cor- 
rect ions t o  the  strain-gage loads are of s m a l l  or negl ig ib le  magnitude and 
phase differences i n  the  instrumentation would have l i t t l e  o r  no e f f e c t  on 
the  f r i c t i o n  coe f f i c i en t .  

Tables I and I1 summarize a l l  t e s t  d a t a  obtained frm the  simulated 
landings on the  concrete and nonskid deck surfaces  t h a t  were determined 
a t  the  in s t an t  Of maximum ground drag load. Also given i n  these tables 
are the values of the  average spin-up f r i c t i o n  coe f f i c i en t  
oped during these  landings. 

pavg devel- 

Effects  of Surface and Surface Wetness 

Figure 9 compares g roud- load  and f r i c t ion -coe f f i c i en t  time h i s -  
t o r i e s  developed during landings on the  concrete and nonskid deck sur- 
faces  a t  a sinking speed of approximately L2 f e e t  per second and t i r e -  
in f l a t ion  pressures  of 260, 320, and 400 pounds per square inch. 
time h i s to r i e s  are  presented i n  f igure  10 f o r  landings on the  concrete 
m-d nonskid deck surfaces m a d e  at a sinking speed of approximately 16 feet  
per second. 

Similar 

An attempt w a s  made t o  conduct t h i s  inves t iga t ion  on dry t i r e  and 
runway surfaces.  As previously explained i n  ti?e t e s t  procedure, t h e  pre- 
cautions taken before and during a run t o  permit testing on a dry sur- 
face  were not always successful  and f o r  some runs e i t h e r  o r  both t h e  t i r e  
and runway surfaces  were contaminated t o  some degree with water a t  time 
of touchdown. It was impossible t o  denote quant i ta t ive ly  the  amount of 
water present during these runs; however, a qua l i t a t ive  wetness value i s  
l i s t ed  f o r  each run i n  t ab le s  I t o  I11 by the  use of terms such as wet, 
damp, dry, and so for th .  

The d a t a  given i n  t ab le s  I and I1 and figures 9 and LO ind ica te  t h a t  
the  presence of water on e i t h e r  or both t h e  t i r e  and t h e  d i f f e r e n t  runw 
surfaces  generally resu l ted  i n  decreasing both the average f r i c t i o n  coef- 
f i c i e n t  Pavg 
load pm and increasing the  time required f o r  wheel spin-up. These d a t a  
a l so  tend t o  ind ica te  t h a t  these e f f e c t s  become more pronounced as the 
amount of water between the t i r e  and runway surface i s  increased. 

and t he  f r i c t i o n  coe f f i c i en t  a t  time of maximum ground drag 

The comparison of matched landings on the  concrete and nonskid deck 
surfaces presented i n  figures 9 and 10 ind ica t e s  t h a t  t h e  instantaneous 
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6 
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t i re -sur face  f r i c t i o n  coef f ic ien ts  t~ developed on t h e  nonskid deck a r e  
considerably lower than those developed on t h e  concrete runway under s i m -  
ilar landing conditions. The data shown i n  these f igures  and i n  t a b l e s  I 
and I1 also indicate  t h a t  the  time required t o  reach wheel spin-up i s  
consiberably longer f o r  landings on the nonskid deck than f o r  landings of 
s i m i l a r  hor izontal  veloci ty  on t h e  concrete runway. Since t h e  change i n  
momentum required o f  the  wheel i s  the same f o r  landings of equal hori-  
zontal  veloci ty ,  a longer time t o  wheel spin-up requires  t h e  torque 

impulse lo pFV,g(ro - 6)dt acting on t h e  wheel t o  be conducted at 

lower l e v e l  or  with a lower f r i c t i o n  coef f ic ien t  p. 

t 

As would be expected from t h i s  discussion, t h e  experimental d a t a  
a l so  indicated t h a t  values of t i re-surface f r i c t i o n  coef f ic ien t  at time 
of maximum ground drag load and t h e  average t i re -sur face  f r i c t i o n  
coef f ic ien t  pavg developed on t h e  nonskid deck are considerably lower 
than t h e  matching values developed on the  concrete runway. The lower 
f r i c t i o n  coef f ic ien ts  o3tained on the nonskid deck are  believed t o  be i n  
p a r t  due t o  t h e  much more regular  surface of t h e  nonskid deck as com- 
pared with t h e  0.09-inch deviations of the  concrete runway. (See f i g .  5 . )  

Effect  of S t ru t  Inc l ina t ion  

Figore 11 ccmpares ground-load and f r ic t ion-coef f ic ien t  t h e  his -  
to r ies  of :asSings on the nonskid deck m a d e  a t  the  two s t r u t  i n c l l -  
nations tes ted .  Care w a s  taken in t h i s  f igure  t o  match runs having 
 proximately equal conditions of Vv. VH, and po so t h a t  t h e  e f f e c t  

of s t r u t  i n c l i n a t i o n  on the  ground loads and f r i c t i o n  coef f ic ien t  ciuriug 
landing on the  nonskid c a r r i e r  deck could be evaluated. 

It can be seen from t h e  d a t a  shown i n  f igure  11 t h a t  the  landings on 
the  nonskid deck m a d e  a t  the  airplane 3-point a t t i t u d e  (Cp = 3.1' rearward) 
experienced considerably more s t r u t  binding o r  f r i c t i o n  during t h e  impact 
than d id  t h e  landings made at t h e  normal airplane landing a t t i t u d e  
( c p  = 2.3' forward). This observation w a s  suggested by t h e  l a r g e r  v e r t i c a l  
and horizontal  ground loads occurring t o  the  3-point landings during wheel 
spin-up. These data a l so  indicate  t h a t  t h e  e f f e c t  of s t r u t  i n c l i n a t i o n  
on the  t i re-surface f r i c t i o n  coeff ic ients  w&s s m a l l  o r  negl igible  f o r  the  
conditions tes ted .  
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Effect  of Forward Speed 

.L, 

L 

Ground-load and f r ic t ion-coef f ic ien t  time h i s t o r i e s  obtained from 
landings made  on the  nonskid deck a t  forward speeds ranging from 34.4 
t o  98.9 knots and having approximately i d e n t i c a l  conditions of 
and Cp are shown i n  f igure  12. The v a r i a t i o n  of both pm and paVg 
with forward speed is  shown i n  f igure 13 f o r  a l l  landings (LO) on t h e  
concrete and nonskid deck surfaces made at  sinking speed of approxi- 
m a t e l y  16 f e e t  per second. 

Vv, po, 

L 
4 

t i o n  coeff ic ients  p, h, and pavg developed between the  t i r e  and both 6 
tes t  surfaces tended t o  decrease 0 
speed. 
references 1 and 4 f o r  lamdings on concrete surfaces.  

The d a t a  shown i n  figures I 2  and 13 indicate  t h a t  the  spin-up f r i c -  

i n  magnitude with increasing forward 
This r e s u l t  i s  i n  agreement with r e s u l t s  reported e a r l i e r  i n  

Effect  of Ver t ica l  Velocity 

The e f f e c t  of v e r t i c a l  veloci ty  on the  ground loads and f r i c t i o n  
coef f ic ien ts  developed during landings m a d e  on t h e  concrete and nonskid 
deck surfaces i l l u s t r a t e d  by the d a t a  shown i n  f igures  14 and 15. These 
data indicate the  p, b, and pavg decreased with increasing v e r t i c a l  

veloci ty  f o r  the  simulated landings on the nonskid deck over the  range 
of v e r t i c a l  v e l o c i t i t e s  t e s t e d  (12 t o  19 feet  per second). This t rend  
w a s  not so c l e a r l y  defined f o r  the  landings on the  concrete runway because 
of the  limited d a t a  (only two v e r t i c a l  v e l o c i t i e s  tes ted,  12 and 16 feet  
per second) and e f f e c t s  of water contamination of the scrubbing surfaces .  

Ef fec t  of T i r e  Pressure 

The var ia t ion  of spin-up f r i c t i o n  coef f ic ien ts  developed between the L 

t i r e  and the t e s t  runway surfaces with t i r e - i n f l a t i o n  pressure is  some- 
what obscured by the e f f e c t s  of surface wetness on the t es t  r e s u l t s .  A 
trend f o r  t o  decrease very s l i g h t l y  with increasing t i r e  i n f l a t i o n  
pressure for the  concrete and nonskid deck surfaces i s  apparently ind i -  
cated i n  figure 16. However, the  experimental d a t a  seem t o  indicate ,  i n  
general, t h a t  the spin-up f r i c t i o n  coef f ic ien ts ,  t h a t  is, p, b, and 

IJ avg > 
i n f l a t i o n  pressure range (260 t o  400 pounds per square inch) tested. 

a re  r e l a t i v e l y  independent of t i r e - i n f l a t i o n  pressure f o r  the  t i re -  



Landing and Taxiing Over 12- Inch-Diameter 
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S t e e l  Arresting Cable 
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Three landings were made on t h e  a r res t ing  cable s t re tched  across 
the nonskid c a r r i e r  deck ( f i g .  6 )  under conditions of  
Vv = 12 f e e t  per second, 
inch. These three  landings were asranged such t h a t  cable runover 
occurred (1) before maximum ground horizontal  load, (2)  during maximum 
hor izonta l  ground load,  and ( 3 )  during maximum v e r t i c a l  ground load on 
t h e  landing gear.  Time h i s t o r i e s  of the  loads and accelerat ions expe- 
rienced by the  gear during these  landings are compared with an equiva- 
l e n t  landing on the  nonskid deck time h i s t o r y  (run 22) i n  f igures  1-7 
t o  19. The incremental load increases experienced by t h e  gear during 
cable run over, obtained from figures 17, 18, and 19, are l i s t e d  i n  
table 111. 

Cp = 2.’j0 forward, 
po = 400 pounds per square VH = 98 krlots, and 

Four runs were a l so  made during which t h e  landing gear w a s  taxied 
across t h i s  cable under conditions of zero v e r t i c a l  veloci ty  and zero 
wing l i f t .  Table I11 lists t h e  incremental load increases over s t a t i c  

these runs. Time h i s t o r i e s  of loads and accelerat ions experienced by 
t h e  gear while tax i ing  over t h e  cable a r e  given i n  f igures  20 and 21. 

= 6,630 l b  developed while crossing t h e  cable fo r  
l o a d  (“.,static ) 

The data given in f igures  1-7 t o  21 along with table III ind ica te  
t h a t  t h e  maximum incrementel v e r t i c a l  and horizontal  loads developed at  
e i t h e r  t h e  landing gear or a t  t h e  ground by impacting on o r  t a x i i n g  over 
4-L- bile aLcutALAb ---,-.” ;nn PahlP  _ _ _ _ _  d i d  not exceed about two-thirds of the  s t a t i c  load 

= 6,630 lb on the  landing gear axle Yor t h e  C o r i G i t i o i i s  t e s t e 2 .  (Fv , s t a t i c  ) 
It should be mentioned, however, t h a t  these incremental loads would 

not be representat ive of landings and t a x i i n g  runs having conditions 
under which the  t i r e  would be bottomed o r  a t  a near bottomed condition 
a t  time of cable runover. Much larger  incremental loads would be experi-  
enced by the  landing gear under such conditions s ince t h e  t i r e  would no 
longer have the  required def lec t ion  p o t e n t i a l  remaining t o  absorb o r  
swallow the  cable. 

CONCLUSIONS 

Simulated landings using a landing gear Of 6,630-pound s ta t ic - load  
rating were m a d e  on concrete and nonskid deck surfaces over t es t  ranges 
from 54 t o  104 knots horizontal  velocity and from 12 t o  19 feet per 
second v e r t i c a l  veloci ty  at touchdown f o r  t i r e - i n f l a t i o n  pressures 
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of 2@, 323,  and 400 pounds per square inch. 
ulated landing (zero v e r t i c a l  ve loc i ty)  tests were conducted on a 

I n  addition, severa l  s b -  

3 
8 

1- - inch-diameter s t e e l  a r res t ing  cable f o r  approximately t h e  

of horizontal  veloci ty .  The r e s u l t s  of these t e s t s  indicated 
conclusions : 

same range 

t h e  following 

1. The spin-up f r i c t i o n  coef f ic ien ts ,  IJ., paVg, and b, developed 

on the nonskid deck were found t o  be considerably less than those devel- 
oped for  similar landings on concrete f o r  the  conditions tes ted .  

2. The presence of w a t e r  on e i t h e r  or  both t h e  t i r e  and the  t e s t  
surfaces at touchdown tended t o  decrease the  magnitude of the  spin-up 
f r i c t i o n  coef f ic ien ts  and t o  increase the  time required f o r  wheel spin- 
up over the range of conditions t e s t e d .  

3. The spin-up f r i c t i o n  coef f ic ien ts  developed on the  t es t  surfaces  
tended t o  decrease with both increasing horizontal  and v e r t i c a l  ve loc i ty  
a t  touchdown over the t es t  range. 

4. The spin-up f r i c t i o n  c o e f f i c i e n t s  developed on the  t e s t  surfaces  
appeared t o  be r e l a t i v e l y  independent of both t i r e  i n f l a t i o n  pressure 
and s t r u t  inc l ina t ion  f o r  the conditions tes ted .  

5 .  The maximum incremental v e r t i c a l  and horizontal  loads generated 
by crossing t h e  cable during simulated landing and taxi ing tests d i d  not  
exceed about two-thirds of the s t a t i c  load (6,630 pounds) on the  landing 
gear .  

Langley Research Center, 
NatioEal Aeronautics and Space AdrxLnistration, 

Langley Field, Va. ,  October 27, 1959. 
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(a) Strut inclination 2'30' forward; side view. I,-38-1135.1 

Figure 3.- Landing gear mounted for testing. 
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(b) Strut inclination 2'30' forward; front view. 

Figure 3.- Continued. 

L-58-1136.1 
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( e )  Strut inclination 2'30' forward; rear view. L-38-1134.1 

Figure 3.- Continued. 
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(a) S t ru t  incl inat ion 5'5' rearward; s ide  view. L-58-1'758.1 

Figure 3 . -  Concluded. 

c 



4s 
(I 

n. 

8 
3 

I 
Gi 

! 
0 
rl 

8 
C 
0 



26 

.. 

L-59-653.1 
Figure 5.- Comparison of nonskid carrier-deck and concrete-runway 

surfaces. 





28 

40 

j; iu? -FV (strain gage) 

1 I' 
--Wheel and axle mass inertia .. 

( ~ 3  23) 

/ 40 

-2oL 

-pH (carriage dynmornct.e.r) 
- - -Upper mass inertia (w x 

,,----Lower mass inertia (w, k2) 
1 .? 

-12 -8[ 

v 

60-X 103 

S t r a i n  CaRe ( c o r r e c t e d )  

:.nrular a c c e l e r o m e t e r  rrthod 
- Carrinro dynsnomrter  ( c o r r r c t p d )  

-F (strain gage) 
Wheel and axle ma35 inertia 12 x 103 - - - -  
(w3 ;r3) I 

@ t  

-12 "i 

s t r a i n  gape 
Carriare  dynmamcter  e ( s t r a i n  gage method) 

( a n w l n r  a c c c l e r o m c t e r  n e t h o d )  

B 

E -  '. ' 

O -I- 
o .02 .04 

Time a f t e r  touchdown, t, sec 

Figure 7.- Typical comparison of simulated landing impact time h i s t o r i e s  
of loads and f r i c t i o n  coe f f i c i en t s  obtained by the d i f f e r e n t  load 
measuring methods. R u n  30. 
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Figure 8.- Typical comparison of the drag torque impulse ac t ing  on t h e  
wheel during an impact w i t h  t he  r e su l t i ng  change i n  momentum of the  
wheel for run 3. 
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( a )  po = 260 pounds per  square inch; cp = 2.5' forward. 

Figure 9.- Comparison of impacts on concrete and nonskid c a r r i e r  deck 
surface f o r  approximately 12 feet  per  second v e r t i c a l  ve loc i ty  a t  
touchdown. 
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Figure 9. - Continued. 
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(a)  po = 260 pounds per square inch; cp = 2.5' forward. 

Figure 10.- Comparison of impacts on concrete and nonskid c a r r i e r  deck 
sur face  f o r  approximately 16 f e e t  per  second v e r t i c a l  ve loc i ty  a t  
touchdown. 
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Figure 10.- Continued. 
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Figure 10.- Concluded. 
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Tine after touchdown, t, sec 

( c )  VV = 17 f ee t  per second; VH = 95 knots. 
Figure 11. - Continued. 
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Figure 11. - Concluded. 
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Figure 12.- Effect of forward speed on the ground load and f r i c t i o n  
coefficients developed during landings on the nonskid ca r r i e r  deck 
surface. 
per second; cp = 5.i0 rearward. 
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(a) 9 = 2 . 5 O  forward. 

Figure 14.- Effect  of v e r t i c a l  veloci ty  at touchdown on the ground 
load and f r i c t i o n  coeff ic ients  developed during landings on the  
nonskid c a r r i e r  deck surface.  po = 400 pounds per square inch; 
VH = 86.6 t o  104.3 knots. 
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(b) Cp = 5.1' rearward. 

Figure 14.- Concluded. 
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Figure 20.- Effect of tire-inflation pressure on landing-gear loads and 
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cp = 5.1 0 rearward; Vv = 0; FV,stat.c = 6,630 pounds; cable. 
wing lift = 0. 



S L  -2 

Y o/ I I I , I 

Time ,  sec 

4 r  

Figure 21.- Effect of shock-strut inclination on landing-gear loads and 
accelerations generated by taxiing over a 12 - inch-diameter arresting 
cable. 
wing lift = 0. 
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